We present the size distribution for Hilda asteroid group using optical survey data obtained by the 8.2 m Subaru Telescope with the Hyper Suprime-Cam. Our unbiased sample consists of 91 Hilda asteroids (Hildas) down to 1 km in diameter. We found that the Hildas' size distribution can be approximated by a single-slope power law in the ∼1−10 km diameter range with the best-fit powerlaw slope of α = 0.38 ± 0.02 in the differential absolute magnitude distribution. Direct comparing the size distribution of Hildas with that of the Jupiter Trojans measured from the same dataset (Yoshida & Terai 2017) indicates that the two size distributions are well similar to each other within a diameter of ∼10 km, while these shapes are distinguishable from that of main-belt asteroids. The results suggest that Hildas and Jupiter Trojans share a common origin and have a different formation environment from main-belt asteroids. The total number of the Hilda population larger than 2 km in diameter is estimated to be ∼1 × 10 4 based on the size distribution, which is less than that of the Jupiter Trojan population by a factor of about five.
INTRODUCTION
The Hilda group is an asteroid population located in the 3:2 mean motion resonance with Jupiter, near ∼4.0 au from the Sun. Although its current location is just an extension of the main asteroid belt, Hilda asteroids (Hildas) are quite different from main-belt asteroids (MBAs) from the composition's point of view. The Hilda group is populated by low albedo asteroids such as the C, P, and D types (Gradie et al. 1989) and no S-type asteroids which is common among MBAs (DeMeo & Carry 2013) . The taxonomic distribution of Hildas is similar with that of Jupiter Trojans (JTs) rather than that of MBAs (DeMeo & Carry 2014) . Since the recent dynamical models for the solar system formation (e.g., Morbidelli et al. 2005; Levison et al. 2009; Nesvorný et al. 2013) claimed that the present JTs were captured into the Jupiter Trojan's orbits from the transplanetary planetesimal disk during the planet migration, the similarity of the taxonomic distribution between Hildas and JTs also attracts our interest from the point of dynamical evolution of our solar system.
JTs have been well studied than Hildas so far and are known to possess a bimodality in the spectral distribution. Szabó et al. (2007) found that their color distribution is significantly different from that of MBAs and appears bimodal using the Sloan Digital Sky Survey (SDSS) Moving Object Catalog (MOC). Roig et al. (2008) reported a clear bimodality in the distribution of visible spectral slopes among JTs, two thirds of which consist of reddish objects corresponding to D-type asteroids and the remaining bodies show less reddish colors compatible with the P-type. The bimodal distribution was also confirmed in the near-infrared spectra (Emery et al. 2011) .
The bimodality in spectral distribution indicates that JTs consist of two sub-populations, which provides useful insight for understanding their origin. Wong & Brown (2016) proposed an interesting hypothesis related to this bimodality that location-dependent volatile loss from planetesimals as a progenitor population of JTs and transneptunian objects (TNOs) through sublimation could have divided them into two color sub-populations. They focused on the surface abundance of H 2 S ice as the primary factor in creating JT's color bimodality. Objects that formed beyond the H 2 S sublimation line (around 20 au) retained H 2 S ice on their surfaces which contributes to more significant reddening of the spectra through irradiation compared to the other sub-population of objects with H 2 S depletion located closer than this line. The two sub-populations were scattered throughout the middle and outer solar system during the period of dynamical instability between giant planets, and their mixture in the JT region brought the bimodal color distribution.
The Hilda population is possibly originated from these two sub-populations of primordial planetesimals because they also exhibit bimodality in spectra (Gil-Hutton & Brunini 2008; Wong & Brown 2017a; . showed that the corresponding color sub-populations (less-red and red) within JTs and Hildas have similar spectral shapes in the near-infrared range, suggesting a common progenitor population between the two groups. Takir & Emery (2012) found that the spectra of P-type asteroids in the Hilda and Cybele groups are characterized by a "rounded" 3-µm absorption feature, which resemble those of less-red JTs (Brown 2016) . This absorption could be due to the presence of H 2 O frost on the surfaces implying that these objects did not experience aqueous alteration (Takir & Emery 2012 ), but could also be due to N-H stretch features implying that these objects formed beyond the giant planet region where NH 3 would have been stable (Brown 2016) . According to numerical simulations regarding the orbital evolution and chaotic capture of trans-Jovian objects due to the gravitational instability, a significant number of them are trapped into the JT, Hilda, and the outer MBA regions (e.g., Lykawka & Horner 2010) . These facts support the common origin of Hildas and JTs from trans-Jovian objects.
In this paper, we compare the size distributions of Hildas and JTs to show further possible similarity between the two populations. The size distribution of an asteroid population is initially determined by a characteristic of the accretion process and then is altered by cascade fragmentation through subsequent collisional evolution, while it is usually insensitive to dynamical evolution and gravitational disturbance. Therefore, asteroid groups sharing the same formation region should have similar size distributions.
Several projects such as Spitzer (Ryan & Woodward 2011) , WISE (Grav et al. 2012a) , and SDSS (Wong & Brown 2017a) , have done surveys for Hildas and measured their size distribution. Ryan & Woodward (2011) reported the size distribution with a break at diameter D ∼ 12 km, but Grav et al. (2012a) showed that a single-slope power law is a much better fit to Hildas' size distribution in D > 5 km. Wong & Brown (2017a) found that the two sub-populations, less-red and red Hildas, exhibit distinct size distributions from each other in D 5 km. Such discrepancy is also seen in JTs, i.e., the size distribution of red JTs is shallower than that of less-red JTs (Wong & Brown 2015) . Furthermore, the dynamically excited TNOs with high inclination and eccentricity, so-called hot TNOs, have been confirmed to exhibit a bimodal color distribution (Fraser & Brown 2012) and share the comparable size distribution to JTs over the common observable size range (Fraser et al. 2014) . The size distributions of the two sub-populations of hot TNOs are also nearly identical in shape (Wong & Brown 2017b) . Considering these facts, Hildas are believed to originate from a common progenitor population with JTs and hot TNOs. However, it is still uncertain whether the size distribution of Hildas is equivalent to that of JTs, particularly in the size range dominated by their collisional evolution.
Recently, Yoshida & Terai (2017) performed the L4 JT swarm survey using the 8.2-m Subaru Telescope, revealing the characteristic of JTs' size distribution with a completeness diameter limit of 2 km that exhibits a single-slope power law within a diameter of ∼10 km and becomes steeper beyond this range. As a next step, the size distribution of Hildas should be determined in such a size range. However, the sample sizes of the previous works for Hildas are insufficient for comparison of the size distribution with JTs due to the low sensitivities relative to that of Yoshida & Terai (2017) . Therefore, we investigate the Hildas' size distribution in the same dataset as Yoshida & Terai (2017) , which allows us to detect Hildas much smaller than the previous surveys. This study is capable of highly accurate evaluation of similarities and differences in the size distribution between the Hilda and JT populations.
Additionally, we note the shape characteristics of size distribution between Hildas and MBAs. Although, as mentioned above, the taxonomic distribution of Hildas is distinct from that of MBAs, P-type asteroids occupy a certain fraction of the outer MBAs next to C-type asteroids (DeMeo & Carry 2013) . According to the so-called "Grand Tack" model, where the inward-then-outward migration of Jupiter and Saturn implanted asteroids from between and beyond the giant planets into the inner region (Walsh et al. 2011 (Walsh et al. , 2012 , it cannot be ruled out that a major portion of the outer MBAs and Hildas are originated from the common regions. Furthermore, their reflective spectra are possible to be altered by surface processes such as heating/aqueous alteration (e.g., Jones et al. 1990; Fraser et al. 2014 ) and space weathering (Lantz et al. 2018 ). Therefore, we should compare not only the spectral distributions, but also the size distributions among MBAs, Hildas, and JTs for discussing their origins. It allows us to deepen our understanding of the dynamical evolution processes of planetesimals in the inner/middle solar system during or following giant planet migration. ′′ 17 (Miyazaki et al. 2012 ). We surveyed ∼26 deg 2 of sky with 240-sec exposures in the r-band. The observed area was centered at RA = 12 h 33 m and Dec = −3
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′′ 2. The data were processed with hscPipe (version 3.8.5; Bosch et al. 2017) , the image analysis pipeline for HSC data based on the Large Synoptic Survey Telescope (LSST) pipeline software (Ivezic et al. 2008; Axelrod et al. 2010 ). We extracted moving object candidates from the source catalogs created by hscPipe with the westward sky motion ranging from ∼ 16 arcsec hr −1 to ∼ 28 arcsec hr −1 targeting Hildas and JTs. All of the candidate sources were visually inspected and 761 asteroids were identified. Then, we divided these objects into the two groups, Hildas and JTs, based on whether the ecliptic-longitudinal motion is faster than that of a circular orbit with semi-major axis of 4.5 au or not; the faster are Hildas, and the others are JTs. As a result, 130 asteroids in the sample were classified as Hildas. Figure 1 shows the detected Hildas and JTs with the separation boundary. The background density map represents the two-dimensional motion histogram of synthetic Hildas randomly generated under the probability distribution based on the orbits of the known Hildas. The motion distribution of our own Hilda sample well agrees with the reproduced plot.
However, the Hilda sample selected by only the sky motion in a short observation arc may contain a contamination from other asteroid groups, mainly MBAs. We estimated the fraction of MBAs intruding into the motion range for selecting Hildas using synthetic orbits generated in the same manner as above. The number density of detectable MBAs, which are defined as objects larger than 1 km in diameter, is given as 100 deg −2 based on the previous Subaru/Suprime-Cam ecliptic surveys (Yoshida et al. 2003; Yoshida & Nakamura 2007) . The expected numbers of the intruders are about 0.06, 0.12, and 0.23 from the inner (2.0−2.6 au), middle (2.6−3.0 au), and outer belts (3.0−3.5 au), respectively, in each FOV. This result corresponds to the total contamination rate of no more than ∼5 percent.
Aperture photometry for the detected objects was performed by the same method as Yoshida & Terai (2017) . The measured flux was converted into apparent AB magnitude using the photometric zero-points estimated by referring to the Panoramic Survey Telescope and Rapid Response System (Pan-STARRS) catalog (Schlafly et al. 2012; Tonry et al. 2012; Magnier et al. 2013) in the hscPipe processing. The apparent magnitude m was converted into absolute magnitude H through an equation of H = m − 5 log(r∆) − P (θ), where r and ∆ are the heliocentric and geocentric distances in au, respectively. P (θ) is the H-G photometric phase function (Bowell et al. 1989 ) at a solar phase angle θ assuming a slope parameter (G) of 0.15. The heliocentric distance of each object was estimated from the measured sky motion assuming a circular orbit using the expressions presented in Terai et al. (2013) . To evaluate the estimation accuracy, we conducted a Monte Carlo simulation of the orbit calculation by generating 50,000 synthetic Hilda orbits. Each of the synthetic orbits with a heliocentric distance r act was converted into a virtual sky motion based on the identical observation configuration as our survey, and then we estimated the heliocentric distance (r est ) from this sky motion with circular orbit assumption. Accuracy of the orbital estimation was evaluated by the discrepancy between r act and r est . The result showed a significant systematic deviation between them as seen in Figure 2 
which was derived from a least square fitting. After removing the systematic error through this equation as seen in Figure 2 (b), the root-mean-square of (r est − r act ) is 0.19 au, which causes uncertainties in the absolute magnitude and body diameter of 0.24 mag and 11%, respectively. We applied this correction to the observed Hildas and estimated their heliocentric/geocentric distances. The absolute magnitude is converted into body diameter D by
where m ⊙ is the apparent r-band magnitude of the Sun (−26.91 mag; Fukugita et al. 2011 ) and r ⊕ is the heliocentric distance of the Earth (i.e., 1 au) in the same unit as D. In this paper, the geometric albedo p is assumed to be a constant of 0.055, which is the mean value of Hildas from the NEOWISE measurements presented by Grav et al. (2012a) . Note that Grav et al. (2012a) found no significant size-albedo dependency for Hildas.
3. RESULTS Figure 3 shows the plot of the corrected heliocentric distance and absolute magnitude of the detected Hildas. The fainter (i.e., smaller) objects are clearly seen to have been detected at locations closer to the Sun due to the decrease in apparent brightness with increasing heliocentric/geocentric distances. In addition, the airmass, sky condition, and vignetting cause nonuniformity of the detection sensitivity in each frame and CCD, which needs to be corrected for accurate measurement of the size distribution. We evaluated the detection efficiency of all the frames on a CCD-by-CCD basis using synthetic moving objects imitating Hildas implanted into the images. The completion limit of this survey was determined to be m = 24.4 mag where the detection efficiencies achieved 50% or more in all the data.
Sample selection
Then, we defined the outer edge of the sampling range of heliocentric distance as r = 4.9 au, where the limiting magnitude of m = 24.4 mag corresponds to H = 18.0 mag. 91 objects with r < 4.9 au and H < 18.0 mag were selected as an unbiased sample for use in exploring the size distribution. The absolute magnitude of those objects ranges from 12.8 mag to 18.0 mag, corresponding to D ∼ 1−14 km from Equation (2), most of which have body sizes less than Heliocentric distance (r) vs. absolute magnitude (H) for the detected Hildas. The dashed line corresponds to apparent magnitude of 24.4 mag as the completion limit of this survey. The shaded area shows the range of our sample selection, r < 4.9 au and H < 18.0 mag.
3 km in diameter.
Size distribution
We estimated the cumulative size distribution (CSD) of Hildas using the obtained sample consisting of 91 objects. The cumulative number of these objects with absolute magnitude less than H, or N (< H), is corrected with the detection efficiency function. Figure 4(a) shows the CSD of our sample with error bars based on Poisson statistics of the cumulative number. Although the object number is not sufficient for precisely determining the shape, the CSD seems to have an almost constant power-law slope over the diameter range of ∼1−10 km.
We approximated the differential H distribution, Σ(H) = dN (H)/dH, of our sample with a single-slope power law as Σ(H) = 10
where α is the power-law slope, and H 0 is given as Σ(H 0 ) = 1. This distribution is also represented by cumulative number N (> D), the number of objects larger than a diameter of D km, as
where b = 5α. Power-law fitting was carried out by the maximum likelihood method (e.g., Bernstein et al. 2004) as Yoshida & Terai (2017) adopted. Uncertainties in the fitted parameters are estimated from repeated fitting to synthetic object samples generated from the actual objects based on the measurement errors. We obtained the best-fit power-law slope of α = 0.38 ± 0.02, corresponding to b = 1.89 +0.12 −0.11 . As seen in Figure 4 (a), the CSD of our sample is mostly coincident with the best-fit power law within Poisson statistics, suggesting that Hildas' size distribution follows a single-slope power law, at least in this size range.
Then, we combined Hildas' CSDs derived from our survey and the asteroid database published by Minor Planet Center (MPC) 1 containing 4,075 Hildas as of the end of 2017, as illustrated in Figure 4(b) . Since the MPC catalog shows the V -band magnitude, the r-band magnitude of our sample was required to be converted into the V -band magnitude. The m V − m r color of 0.25 mag was used for this conversion, which was derived from the average color of the known Hildas with m r < 20.0 mag listed in the fourth release of the SDSS Moving Object Catalogue (MOC4)
2 . The cumulative numbers of our sample were scaled to that of the MPC catalog at H V = 16.0 mag. The complied CSD appears no significant feature such as a break or roll over, but implies a single-slope power-law distribution over the full size range observed so far. This may suggest that the Hilda population is in collisional equilibrium up to nearly Yoshida & Terai (2017) showed the L4 JT population larger than 2 km in diameter consisting of (3.5 ± 0.2) × 10 4 asteroids. By using the number ratio between L4 and L5 JTs presented by Nakamura & Yoshida (2008) , this is converted into the total number of JTs with D > 2 km reaching (5.4 ± 0.5) × 10 4 . Thus, the number ratio of Hildas to JTs is estimated be 0.18 ± 0.03.
DISCUSSION
As mentioned in Section 2, our survey detected a number of JTs in addition to Hildas. Yoshida & Terai (2017) have revealed that the size distribution of the JT population is well described by a single-slope power law with α = 0.37±0.01 or b = 1.84 ± 0.05 from ∼2 to 10 km in diameter. The size distribution of Hildas measured with the same dataset by the present work can be also fitted by a single-slope power law with α = 0.38 ± 0.02 or b = 1.89 +0.12 −0.11 . The power-law slopes of Hildas and JTs in the common size range are coincident.
For a more direct comparison, we normalized the CSDs of Hildas and JTs at D = 2 km as shown in Figure 5 . Note that the geometric albedos were assumed to be 0.055 for Hildas (Grav et al. 2012a ) and 0.07 for JTs (Grav et al. 2012b ). The two CSDs are in agreement within Poisson statistics of the cumulative numbers through the entire range. We computed the two-sample Anderson-Darling (A-D) statistic (Pettitt 1976) for the two CSDs to test the null hypothesis that these distributions are identical. The value of the A-D statistic is 0.627, indicating that the null hypothesis cannot be rejected at even 60 % significance level. Considering these results, Hildas and JTs seem to have the same/similar size distribution shape from 2 km or less to ∼10 km in diameter.
At diameter below a few tens km, these populations are not primordial but have been likely modified by collisional evolution (de Elía & Brunini 2007; Gil-Hutton & Brunini 2008) . Although the initial signature of the size distribution of km-sized objects has disappeared, we are still able to obtain alternative information about nature of the asteroid population from them. The size distribution of a mature collisionally-evolved population has a steady-state power law which is primarily determined by the impact strength law defined as the critical specific energy per unit target mass required for catastrophic disruption of the target (e.g., Durda et al. 1998; O'Brien & Greenberg 2003) . The strength law is directly linked with the internal physical properties which depend on the bulk composition and body structure. The indistinguishable shapes of the size distributions indicates equivalent characteristics of body's interior between the two populations and thus is suggestive of a common formation environment. The cumulative size distributions derived from the Hilda (circles) and JT (diamonds) samples in our survey, both of which are normalized at 2 km in diameter. The geometric albedos are assumed to be 0.055 for Hildas (Grav et al. 2012a ) and 0.07 for JTs (Grav et al. 2012b ).
Note that, as mentioned above, Hildas's size distribution exhibits a steady-state power law up to the largest body size (see Figure 4b) , which implies that the collisional evolution is dominated over the full size range. That seems to be not the case with JTs because they have a clear transition at D ∼ 50 km in power-law slope of the size distribution (Yoshida & Terai 2017) . Therefore, a comparison of the size distributions between Hildas and JTs at large sizes is not useful to diagnose their similarity.
On the other hand, the size distribution of MBAs is obviously distinguishable from those of JTs and Hildas (Yoshida & Terai 2017; Yoshida et al., submitted to P&SS) . The power-law slope and local patterns (e.g., bump, dip, or knee) of a size distribution for a small-body population in collisional equilibrium are primarily derived from properties of the critical specific energy for catastrophic disruption, so-called Q * D law, following power laws with body size (Davis et al. 2002; O'Brien & Greenberg 2003) . The transition in the power-law slope of Q * D between the gravityand strength-scaled regimes induces a "wave" pattern in the gravity-scaled portion of the size distribution as found in MBAs (e.g., Durda 1993; Davis et al. 1994; Campo Bagatin et al. 1994) . The size distributions of JTs and Hildas, however, show no significant wavy structure. Meanwhile, the mean collisional velocities are similar among MBAs, Hildas, and JTs (Dahlgren 1998) . These facts imply that Hildas/JTs have a different Q * D (or shattering impact specific energy Q S as de Elía & Brunini (2007) pointed out) law, i.e., different bulk composition and/or internal structure, from MBAs, while the two populations appear to share the common properties. Accordingly, we suggest that Hildas and JTs originate in the same population which does not correspond to MBAs.
This conclusion may lead us to infer that a major portion of Hildas and JTs were not formed in situ, but were transported from beyond Jupiter. Our findings are qualitatively consistent with dynamical simulations for MBAs, Hildas, and JTs, based on the jumping Jupiter model. Levison et al. (2009) showed that a significant number of transJovian planetesimals are captured into the Hilda/JT orbits through gravitational scattering induced by the migration of giant planets. On another hand, Roig & Nesvorný (2015) showed very low survival probabilities of the in-situ populations and minor contributions of the implanted populations from the outer main asteroid belt to the present Hilda/JT populations. Further theoretical and observational studies are required for examining whether this model can account for the size distributions of small-body populations from Hildas to trans-Neptunian objects.
The comparable color distributions of non-family Hildas and JTs reported by Wong & Brown (2017a) also support this model. Although pointed out a discrepancy in the visible/nearinfrared spectral properties between Hildas and JTs, it may be due to their difference surface temperatures depending on heliocentric distance or to their different resurfacing frequency.
It is also worth noting that JTs' size distribution has a steeper power-law slope beyond ∼10 km in diameter than that in the km-size range (Yoshida & Terai 2017) , while Hildas' size distribution appears to maintain the constant slope over the full size range observed so far. This discrepancy may indicate a difference in the progress degree of collisional evolution between the two populations. As mentioned in Section 3.2, Hildas are almost wholly in collisional equilibrium. In contrast, considering the analogical structure of MBAs' size distribution, the size distribution of large JTs with a steep slope seems to be predominantly unaffected by collisional fragmentation and to reflect that of the primordial population formed in the accretion process. According to the simulation results in de Elía & Brunini (2007) , the mean collisional lifetimes of L4 JT asteroids with D 80 km are longer than the solar system age. Therefore, JTs are considered to be less collisionally evolved than Hildas. However, this suggestion is in conflict with the mean intrinsic collision probability for Hildas, which is lower than that for JTs (Dahlgren 1998) . As discussed in Wong & Brown (2017a) , the Hilda population in the early solar system might have suffered much more frequent collisions than the present and then been significantly depleted during the dynamical instability phase induced by planetary migration. This could be caused by a huge number of impactors intruding from the main asteroid belt into the Hilda region. At the time of the implantation of Hilda asteroids from between/beyond the giant planet regions, MBAs may have consisted of more asteroids with excited orbits capable of reaching 4 au from the Sun than the present.
